The genes encoding the thermostable a-amylases of Bacillus stearothermophilus and Bl. licheniformis were cloned in Escherichia coli, and their DNA sequences were determined. The coding and deduced polypeptide sequences are 59 and 62% homologous to each other, respectively. The B. stearothermophilus protein differs most significantly from that of B. licheniformis in that it possesses a 32-residue COOH-terminal tail. Transformation of E. coli with vectors containing either gene resulted in the synthesis and secretion of active enzymes similar to those produced by the parental organisms. A plasmid was constructed in which the promoter and the NH2-terminal two-thirds of the B. stearothermophilus coding sequence was fused out of frame to the entire mature coding sequence of the B. licheniformis gene. Approximately 1 in 5,000 colonies transformed with this plasmid was found to secrete an active amylase. Hybridization analysis of plasmids isolated from these amylase-positive colonies indicated that the parental coding sequences had recombined by homologous recombination. DNA sequeince analysis of selected hybrid genes revealed symmetrical, nonraudom distribution of loci at which the crossovers had resolved. Several purified hybrid ec-amylases were characterized and found to differ with respect to thermostability and specific activity.
The ax-amylases secreted by a variety of Bacillus species have been intensively studied. Ihterest has been focused on their mode of secretion, regulation of synthesis, protein structure, and industrial applications. In recent years, the amylase genes of B. coagulans (4), B. subtilis (26) , B. amyloliquefaciens (22) , B. licheniformis (21) , and B. stearothermophilus (15, 16) have been cloned and expressed in either B. subtilis or Escherichia coli.
The mesophile B. licheniformis and the thermophile B. stearothermophilus produce amylases which are active at temperatures in excess of 75°C (7) . It is therefore of interest to determine their primary structures and compare them with each other and with those known for other amylases to ascertain which sequences are associated with the unusual thermophilicity of these enzymes. In this study we showed that the B. stearothermophilus and B. licheniformis enzymes differ markedly in their specific activities and thermostabilities. Primary structure analysis might also offer clues to these differences.
It has been known for some time that the mesophilic amylase of B. amyloliquefaciens has considerable amino acid homology with the B. licheniformis amylase but no homology to the B. subtilis enzyme (21) . Recently, comparison of the B. stearothermophilus and B. amyloliquefaciens primary structures has revealed that these proteins are also evolutionarily related (16) . In addition, strong similarities between the restriction endonuclease cleavage maps of the amylase genes of B. coagulans and B. licheniformis indicate that these genes may also show homology (21) .
Since DNA sequence divergence has led to differing chemical properties of the encoded proteins, it is expected that further diversity in this enzyme family might be found in additional natural Bacillus isolates. Alternatively, methods to generate amylase DNA sequence divergence in the laboratory might also lead to enzymes with new properties.
for the preparation of plasmid DNA. Plasmid DNA was prepared by a cleared-lysate method (13) .
Isolation of amylase clones. High-molecular-weight genomic DNA was prepared from B. licheniformis or B. stearothermophilus cells cultured in Saito medium (18) . The DNA was purified from lysozyme lysates as previously described (15) , except that the lysate was digested with proteinase K (10 , ugIml) prior to centrifugation in cesium chloride gradients. The DNA was partially digested with Sau3A, and DNA fragments larger than 6 kilobases (kb) were separated on 10 to 40% sucrose gradients. The bacteriophage vector X1059 (8) was digested with BamHI and treated with calf intestinal alkaline phosphatase to minimize self-ligation. We ligated and packaged vector and bacterial DNA fragments in vitro by using a commercial (Promega Biotec, Madison, Wis.) packaging extract and then used them to infect E. coli Q358 and Q359 (8) . The number of recombinant plaques was approximately 2.5 x 103/,ug of DNA in typical reactions. Approximately 5.0 x 103 plaques were screened on LB-starch agar plates for amylase activity. Five positive plaques were found in the X1059-B. licheniformis library, and three positive plaques were found in the X1059-B. stearothermophilus library.
Plasmid constructions. DNA was prepared from one of the X1059-B. licheniformis amylase bacteriophage by standard methods (13) . The DNA was digested with BamHI and EcoRI and subcloned into similarly digested pBR322. Restriction endonuclease analysis of plasmids isolated from amylase-producing colonies showed that the entire amylase gene (amyL) was contained on a 9.4-kb BamHI fragment or a 3.2-kb EcoRI fragment. One EcoRI subclone, designated pBR322BL, was saved for further analysis.
DNA prepared from one of the X1059-B. stearothermophilus amylase bacteriophage was digested with a variety of restriction enzymes, separated oh a 1.0% agarose gel, transferred to a nitrocellulose filter, and subjected to DNA-DNA hybridization. The probe used was a PstI-SalI fragment containing most of the B. licheniformis amylase coding sequence (see Fig. 2C ). This fragment was radioactively labeled with [a-32P]ATP by the nick translation method (13) .
Hybridization and washing were performed under standard high-stringency conditions (6) . A 1.8-kb BamHI fragment and a 1.8-kb SalI fragment were among the positively hybridizing bands. These fragments were separately subcloned into BamHI-and SalI-cleaved pBR322, yielding pBR322BS-B and pBR322BS-S, respectively. Shown in Fig.  1 are the steps in which these plasmids were used to derive pUC13BS, which contains the entire B. stearothermophilus amylase gene (amyS).
We joined the E. coli-B. subtilis shuttle vector (Cmr) pBS42 (25) cleaved with EcoRI to the amyL-containing EcoRI fragment of pBR322BL to produce the amyL expression vector pBS42BL. We joined pBS42 cleaved with BamHI and XbaI to the amyS containing BamHI-XbaI fragment of pUC13BS to produce the amyS expression vector pBS42BS. (The XbaI site at the 3' end of the amyS gene is derived from the pUC13 polylinker sequence [23] .) DNA sequencing. Restriction endonuclease maps of the amy gene containing inserts of plasmids pBR322BS-S, pBR322BS-B, and pBR322BL were generated, and various subfragments were subcloned into the M13 cloning vectors mpl8 and mpl9 (17) . Preliminary sequencing by the dideoxy chain termination method was performed (19) . It was found that, for both the amyS and amyL genes, sequences near the KpnI site were highly homologous to those of the amy gene of B. amyloliquefaciens (amyA) (22) . The assumption that all three of these amy genes were closely similar allowed prediction of which regions of the B. licheniformis and B. stearothermophilus subclones were likely to comprise the amy genes. These regions were sequenced completely. We sequenced the crossover regions in the recombined amy genes of plasmids pal.hybl through pal.hybl8 by collapsing the supercoils with sodium hydroxide followed by enzymatic sequencing (3) using as primers the synthetic oligonucleotides described below.
Generation of hybrid amylase plasmids. A single pal transformant colony of E. coli 294 was grown in ampicillinsupplemented LB broth. This passage of plasmid pal in E. coli 294 resulted in a low level of recombination between the regions of homology between the amyS and amyL genes. To reduce the proportion of unrecombined plasmid in the plasmid preparation, we digested the DNA with PstI prior to retransformation. Transformants containing recombinant amy genes were detected by their ability to generate zones of starch hydrolysis on LB-starch agar plates.
Mapping of crossovers in plasmids pol.hybl through pd1.hybl8. hybrid amy genes were inoculated onto each of nine nitrocellulose filter strips. We placed these strips on an LB agar plate to allow colony growth. The filters were then prepared for colony hybridization by standard methods (6) . In separate vessels, the nine strips were incubated with each of the probes under conditions for low-stringency hybridization (6) . The filters were washed in 0.3 M NaCI-0.03 M sodium citrate (pH 7.0)-0.1% sodium dodecyl sulfate at 37°C and then autoradiographed.
Cellular localization of amylase in E. coli. Transformants were grown in LB medium supplemented with 20 jig of ampicillin per ml. We added isopropyl ,-D-thiogalactoside (1 mM) to induce the cytoplasmic marker enzyme 1- galactosidase. Cells were pelleted by centrifugation, and the culture supernatants were saved. The cells were then fractionated by the osmotic shock method (9) . In this procedure, cells are first washed in a buffer which sensitizes them to osmotic shock. We have found that this wash often results in release of a significant portion of the periplasmic enzyme 1-lactamase but very little of the cytoplasmic enzyme 1B-galactosidase. Thus, we consider the sum of activities of the wash buffer and the actual osmotic shock fluid to represent the periplasmic component. The shocked cells contain cytoplasmic and membrane-bound enzymes and are assayed after the cells are disrupted by sonication. Characterization of parental and hybrid amylases. For production of amylase in the native (Bacillus) hosts, cells were grown in starch-supplemented Saito medium. The enzymes from cloned DNA were obtained from the periplasmic fractions of E. coli transformants as described above. To purify the enzymes, we adjusted the periplasmic fractions to 50 mM morpholinepropanesulfonic acid (MOPS; pH 7.0)-S5 mM CaCl2 (MC buffer) and poured them at 4°C over a column containing insoluble starch, which resulted in amylase binding to the starch. The enzymes were eluted from the column in MC buffer by raising the temperature to 50°C. Starch was removed from the enzymes by gel permeation chromatography on a P-2 column (Bio-Rad Laboratories, Richmond, Calif.) followed by DEAE chromatography. The proteins were judged pure by their homogeneity on Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gels (11) .
Purified amylase concentrations were determined by the dye binding method of Bradford (2) . To measure amylase specific activities, we assayed equal concentrations of purified enzymes over 60-min periods by the Phaedebas amylase assay (Pharmacia, Inc., Piscataway, N.J.). Specific activities are expressed as units per microgram of enzyme. One unit is the amount of enzyme that catalyzes the hydrolysis of 1 ,umol of glucosidic linkages per min. To measure amylase thermostabilities, we incubated equal concentrations of purified enzyme at 90°C for 0 to 120 min in MC buffer and then assayed them using starch as a substrate. The reducing equivalents generated in 10 min were measured.
RESULTS
Nucleotide sequence of amy genes. The DNA sequence of the cloned amyS gene is shown in Fig. 2B . The first 16 amino acids of the deduced mature coding sequence correspond completely to the NH2-terminal sequence as determined by amino acid sequence analysis of the purified secreted protein (K. Hayenga, personal communication). The GTG, which is inferred to be the initiation codon and corresponds to methionine, is located 102 bp upstream of the mature coding sequence and begins the code for a larger precursor containing a highly hydrophobic sequence of 34 amino acids (positions -34 through -1), presumed to be the amylase signal peptide. The mature form of the amylase contains 515 residues.
The nucleotide sequence of the cloned amyL gene is shown in Fig. 2D . The deduced NH2 terminus of the mature enzyme (beginning with position +1) is in agreement with that determined by direct amino acid sequencing (10) . Located 87 bp upstream of the mature coding sequence is an ATG, presumed to be the initiation codon, which begins the code for a larger precursor containing a highly hydrophobic sequence of 29 residues presumed to be the signal peptide. The mature form of the amylase contains 483 residues.
The amyS and amyL nucleotide sequences were compared (Fig. 3) . Overall homology was 59%, clearly indicating evolution from a common ancestral gene. The inferred primary amino acid sequences are very similar (62% homology), with two exceptions (Fig. 4) As noted above, the amyL and amyA proteins are similar in sequence at their COOH termini. High homology (79%; data not shown) between the entire amyL and amyA mature polypeptides indicates that the amyL protein is structurally much closer to that of amyA than to that of amyS (62% homology).
Expression of amy genes in E. coli and B. subtilis. E. coli transformed with plasmid pUC13BS, which contains the B. stearothermophilus amylase gene (amyS), or plasmid pBR322BL, which contains the B. licheniformis amylase gene (amyL), produced amylase as indicated by the production of halos of starch hydrolysis on starch-containing agar plates (data not shown). The presence of halos indicated that at least a fraction of the amylases were produced as extracellular products, either by active secretion or as a result of partial cell lysis. To further localize the amylase activities, we separated cells from late-logarithmic-phase liquid cultures from the culture supernatants and then further divided them into periplasmic and cytoplasm-membrane cell fractions (9). In both 294(pUC13BS) and 294(pBR322BL) cells, most of the amylase activities were found in the periplasmic fractions (Table 1) . Smaller amounts were present in the cytoplasm-membrane and culture supernatant fractions. with the amyS-containing plasmid pBS42BS or the amyLcontaining plasmid pBS42BL was also found to produce a-amylase (data not shown).
We purified the amyS and amyL gene products to homogeneity (see Materials and Methods) from E. coli periplasmic extracts to compare them to the enzymes derived from the parent species. We have shown that the cloned enzymes had the same mobilities on sodium dodecyl sulfate-polyacrylamide gels as the natural enzymes, indicating that correct processing probably occurred in E. coli (Rey et al., in press). However, proof of this must await determination of the NH2-terminal amino acid sequences of the E. coli-derived amylases. To further compare the cloned and natural products, we also measured the relative enzyme activities as a function of temperature over the range 20 to 90°C. The profiles of the amylases derived from E. coli were indistinguishable from those of the authentic proteins (data not shown). These and other results indicated that the amylases synthesized in E. coli transformants are similar to those secreted by their natural hosts.
Generation of hybrid amy genes in vivo. The construction of the hybrid precursor plasmid paLl is outlined in Fig. 1 . It contains the promoter and codons -34 to +338 of the amyS gene joined at a naturally occurring PstI site to codons -4 to +484 of the amyL gene. This PstI site is unique in pal. Since the two amy fragments are joined in the same orientation but out of frame, the translation product of pal is expected to contain the amyS residues followed by a nonsense amyL region terminating prematurely at the first stop codon (TGA contained in codons +7 and +8) and therefore to be enzymatically inactive.
Homologous recombination can occur over the homologous region of the amyS and amyL genes present in pal, that is, between codons -4 and +338. Such recombination events result in deletion of the unique PstI site between the amy gene fragments. Since only recombined plasmids should be resistant to PstI cleavage, predigestion with this enzyme should enrich for recombinant plasmids in a plasmid preparation containing only a small proportion of recombined plasmids. In one experiment, after transformation of E. coli 294 with 0.1 ng of pal DNA, approximately 800 Apr colonies arose. None of these produced amylase. Indeed, only about 1 in 5,000 such colonies was amylase positive. In contrast, transformation with 10 ng ofPstI-digested pal DNA resulted in only 49 Apr colonies, but 14 of these were amylase positive. Thus, PstI digestion reduced the background of unrecombined pal over 1,000-fold in this experiment, thereby allowing the appearance of numerous well-isolated amylase-positive colonies on a single plate. It is possible that a portion of the amylase-positive colonies which arose from PstI-digested pal may have resulted from transformation STRUCTURAL GENES ENCODING THERMOPHILIC cx-AMYLASES with linear DNA which recircularized in vivo by homologous recombination (24) between the amyS and amyL sequences.
Mapping of amy crossovers. We subjected plasmid DNA extracted from several amylase-positive transformants to restriction enzyme mapping to verify that single crossovers had occurred. It was found that the amy genes contained the restriction sites expected for the 5' amyS and 3' amyL sequences (data not shown) and therefore occurred as a result of single crossovers. To study the crossovers in more detail, we developed a fine-structure mapping and sequencing strategy as follows. Nine regions of 16 to 22 nucleotides from the amyS sense strand at intervals of around 150 bp, which showed low homology to the amyL gene, were selected (indicated by boxes on top lines in Fig. 3 ). Corresponding oligonucleotides were synthesized and radioactively labeled (probes I to IX). Colony hybridization with a particular probe was expected to indicate the presence of the corresponding amyS sequence in that region, whereas nonhybridization would indicate the presence of amyL sequences. Using this strategy, we mapped the amy crossovers in the plasmids of 96 amylase-positive colonies. Crossovers were found in all intervals except between probe regions II and III (11-III crossover). Therefore we examined another 192 colonies using these probes to search further for II-III crossovers. One was found. The results (further detailed in Rey et al., in press) show that the crossovers were well distributed over the amy homologous region in potl but that II-III and VII-VIII crossovers were relatively rare.
DNA sequences of amy crossover loci. To precisely locate the positions of individual amy crossovers and to study the distribution of crossovers within a particular probe interval, we directly sequenced 18 recombined pot plasmids, potl.hybl through pal.hybl8, by the supercoil method. The most 3' probe which hybridized was used to prime synthesis. The crossover loci thus determined are indicated by boxed regions on the lower lines of Fig. 3 .
The results for the most 3' (VIII-IX) and most 5' (I-II) crossovers were particularly striking. The crossover points in the four plasmids with VIII-IX crossovers, pal.hybl5 to potl.hybl8, all mapped to the same CGCT tetranucleotide. Interestingly, this tetranucleotide represents the most 3' region of amy homology on the potl plasmid. It is possible that these four plasmids are siblings derived from the same crossover event. However, sequencing of a single VIlI-IX crossover generated in an independent experiment yielded an identical result. An apparent bias for extreme 5' crossovers was also observed. Three of four I-II crossovers mapped to the nucleotide region represented by the stippled box of Fig. 3 , which is just 5' of the extreme 5' region of amy homology of the pal plasmid. Their sequences were slightly different, indicating that they were generated by independent crossover events. Most of the other crossovers mapped to relatively long stretches of perfect homology (8 to 23 bp), although crossovers occurred with some frequency in shorter regions of homology, e.g., crossing over in pacl.hybll occurred at a tetranucleotide. To determine whether any crossovers resulted in the formation of hybrid genes encoding inactive amylases, we mapped 96 amylasenegative colonies from the PstI enrichment experiment. All contained unrecombined pal plasmids.
Characteristics of amy hybrid gene products. The amy gene products encoded by pal.hyb4, pal.hyb6, and patl.hyb9 amy genes are predicted to contain the amyS signal peptide and NH2-terminal amyS mature polypeptide regions of 15, 58, and 163 residues, respectively (see the boxed regions on the lower lines of Fig. 4 ), the remaining residues being derived from the amyL gene. It was therefore of interest to determine whether these were secreted and processed normally. Cell fractionation experiments (Table 1) showed that each of the hybrid amylases, like the parental enzymes, were secreted into the periplasmic space of E. coli. In addition, the purified potl.hyb4, pal.hyb6, and paxl.hyb9 proteins have mobilities similar to those of the parental enzymes on sodium dodecyl sulfate-polyacrylamide gels (Rey et al., in press), suggesting that they may also be properly processed from their signal peptide-containing precursors. Of course, NH2-terminal amnino acid sequencing is needed to confirm this.
Altered intramolecular contacts within the various hybrid amylases might result in novel temperature sensitivities. Thus, the specific activities of the purified poxl.hyb4-, pcxl.hyb6-, and pal.hyb9-derived amy gene products as a function of temperature were determined and compared with those of the E. coli-derived parental enzymes. The amyS gene product had a substantially higher specific activity than the amyL gene product at all temperatures tested (Fig. SA) . The p(xl.hyb4 gene product, which differs from the amyL gene product only at its 15 NH2-terminal residues, had an on August 14, 2017 by guest http://jb.asm.org/ Downloaded from activity profile similar to that of the amyL gene product. The potl.hyb6 and pcl.hyb9 gene products, which contain increasingly longer amyS-derived NH2-terminal regions (58 and 163 residues, respectively), were more amyS-like in that they had increasingly higher specific activities than the amyL gene product. On the basis of this small sampling of amy hybrid gene products, it appears that the very high specific activity of the amyS protein is contributed by continuous regions of its primary structure.
The thermostabilities of the three purified hybrid gene products were also compared with those of the parental enzymes (Fig. 5B) . The amyL product retained all of its activity after heating at 90°C for 120 min, whereas the amyS gene lost about half of its activity. The pol.hyb4 product, which differs only slightly in primary structure from that of the amyL parent, had a similar high thermostability. However, the pal.hyb6 and poxl.hyb9 products, which contain longer amyS-derived NH2-terminal sequences (58 and 163 residues, respectively), had lower residual activities (65 and 10%, respectively). Thus, based on these limited data, it appears that increases in the length of the NH2-terminal regions contributed by the amyS gene product decrease hybrid enzyme stability with respect to the amyL enzyme, whereas these same increases enhance specific activity relative to amyL.
DISCUSSION
The amylases of B. licheniformis (amyL) and B. stearothermophilus (amyS) are related as indicated by homology at the DNA and protein levels. They belong to an enzyme family with members which also include the amylases of B. coagulans and B. amyloliquefaciens (amyA) but not that of B. subtilis. It is intriguing that the homology relationships among the alkaline proteases of B. subtilis, B. amyloliquefaiciens, and B. licheniformis contrast strongly with those of the amylases. The amyL and amyA amylases are highly homologous to each other but unrelated to the B. subtilis amylase, whereas the alkaline proteases of B. subtilis (20) and B. amyloliquefaciens (25) are extremely similar to each other and also show low but obvious homology to that of B. licheniformis (J. Wells, personal communication).
The method described here for the generation and sequence analysis of hybrid amylase genes should be applicable to any DNA sequences which have homology. Indeed, we have applied a modification of it to the Bacillus alkaline protease gene family (manuscript in preparation). In this case, the precursor plasmid contains a polylinker with three unique restriction sites separating the homologous genes. Predigestion with three enzymes allowed reduction of the background of unrecombined plasmids to an insignificant level (2%). A low background is expected to be of particular importance when very low recombination frequencies due to low homology are anticipated. The method may also be used to generate, multiple crossovers by construction of a precursor plasmid in which one of the homology regions is derived from a previous crossover.
Using a somewhat different approach, Weber and Weissmann (24) have generated hybrid leukocyte interferons by recombination in E. coli. The methods they describe for enrichment for particular classes of recombinants should be equally applicable to our approach for amylases.
The distribution of crossover loci that we observed in one recombined plasmid population may be strongly biased by enrichment for hybrid genes generated early in culture growth. This may also account for multiple plasmids containing identical crossover loci. However, the plasmid preparation isolated from a second independent potl transformation experiment produced a crossover distribution also characterized by a rarity of II-III and VII-VIII crossovers. In addition, sequencing of one each of 1-11 and VIII-IX crossovers revealed terminal crossover loci identical to those found for potl.hyb2 and pot.hybl5-18, respectively. It is possible that the crossovers observed are from a narrow population which gave rise to amylase-positive colonies, whereas other crossovers occurred but were undetected because they yielded amylase-negative colonies. However, this appears not to be the case, as all of the amylase-negative colonies which arose after the PstI enrichment step were found to contain unrecombined potl rather than plasmids with recombined amy genes. Finally, it is possible that those crossovers which gave rise to improperly folded proteins were lethal to the cells and thus went undetected. We are investigating this idea by examining the effect of deletion of the amylase promoter on crossover distribution.
The tertiary structures of proteins are in part stabilized by noncovalent interactions between amino acid residues having positions widely separated in the primary structure. It would be expected that in the hybrid amylases some of these bonds might be weakened or strengthened by the presence of nonhomologous residues in some of these positions. This might lead to alterations in various amylase physical properties such as thermostability and temperature optimum. Thus it is not surprising that our data on the specific activities and thermostabilities of three hybrid amylases show dramatic differences with the parental enzymes. We anticipate that further characterization of other hybrid amylases will reveal enzymes which show a wide spectrum of values for these and other properties.
Site-directed mutagenesis in recent years has been the preferred method of changing the catalytic properties of enzymes. This approach has yielded significant results but depends on detailed X-ray crystallographic data to obtain a picture of the three-dimensional structure of a protein. Such data are unavailable for the Bacillus amylases and many other enzyme families. Random generation of hybrid genes followed by characterization of the encoded proteins is a promising method for alteration of such enzyme families until information on their tertiary structures becomes available.
